It was found that the content of antifungal compounds p-coumaroylagmatine [1-(trans-4?-hydroxycinnamoylamino)-4-guanidinobutane] and p-coumaroyl-3-hydroxyagmatine [1-(trans-4?-hydroxycinnamoylamino)-3-hydroxy-4-guanidinobutane] in the crown of winter wheat (Triticum aestivum L. cv Chihokukomugi) signiˆcantly increased under snow cover. Thisˆnding suggests that the accumulation of these hydroxycinnamic acid amides was caused by winter stress and related to protecting the plant against snow mold under snow cover.
In northern regions, low temperature and snow mold infection during the winter can severely limit the yield and quality of biennial or perennial crops. Wintering crops such as wheat, barley, and forage grasses acquire their freezing tolerance and snow mold resistance during cold acclimatization from autumn to early winter. Low-molecular-weight compounds in secondary metabolism have disparate functions in plant-microbe interactions. Phenolics and their derivatives induced by pathogen infection have been reported to be associated with the defense mechanism in plants as phytoalexin 1) and lignin precursors.
2) Jin and Yoshida have reported that feruloylagmatine, an antifungal compound, was induced in wheat at a low temperature.
3) It has also been reported that hydroxycinnamic acid amides were induced in barley infected with arbuscular mycorrhizal fungus 4) and powdery mildew fungus. 5) p-Coumaroylagmatine and p-coumaroyl-3-hydroxyagmatine have been reported to exhibit antifungal activity. [5] [6] [7] On the other hand, it has been reported that pathogenesis-related proteins are induced in freezing-tolerant crops by low temperature. 8) This phenomenon has been considered to indicate that wintering plants possess a cross-adaptation ability for both abiotic and biotic factors. Theseˆndings suggest the presence of antifungal compounds in secondary metabolites that are inducible by winter stress. However, there have been few studies on the changes in secondary metabolism in response to low temperature and snow cover. The aim of the present study was therefore to isolate a cold-inducible secondary compound in wheat that is associated with disease resistance and a low-temperature environment in order to understand the bilateral adaptation to winter stress and disease stress.
Materials and Methods
Plant material. Winter wheat (Triticum aestivum L. cv Chihokukomugi) was seeded in mid-September in 1997, 1999, 2000 and 2001 in aˆeld of the National Agricultural Research Center for Hokkaido Region in Sapporo. The plants were protected from native snow mold infection by the application of the broadspectrum fungicide, Basitac-befran (Kumiaikagaku Co., Ltd., Shimizu, Japan) in late November. In the 1997 W 1998 season, some plants were artiˆcially inoculated with the phytopathogenic fungus, Microdochium nivale, 9) to examine the in‰uence of snow mold infection, and both plants that had been naturally and artiˆcially inoculated were sampled on December 1 and March 24. In the following three seasons, plants that had not been inoculated with the fungus were sampled at about 1-month or 1. 
Apparatus.
1 H-NMR spectra were measured at 300 MHz with an AMX-300 instrument (Bruker). MS data were obtained by electrospray under atmospheric pressure, using direct injection (6 ml min 
Analytical HPLC. An HPLC analysis was performed with an ODS column (STR-ODS, 250× 4.6 mm i.d.; Shinwa Chemical) with UV detection at 325 nm. The column was developed within 60 min at a ‰ow rate of 0.5 ml min -1 with solvent A (0.05z aq. TFA) and a linear gradient from 25z to 35z of solvent B (MeOH). Under these conditions, p-coumaroyl-3-hydroxyagmatine and coumaroylagmatine were detected at tR 15.5 and tR 22.1 min, respectively.
Synthesis of p-coumaroylagmatine. p-Acetoxycinnamic acid was obtained by protecting the phenolic group of readily available p-hydroxycinnamic acid with acetic anhydride in pyridine (12.6z yield). pAcetoxycinnamic acid (160 mg, 0.78 mmol) was added to thionyl chloride (2.5 ml). After re‰uxing for 30 min, the solution was concentrated to dryness in vacuo and poured into a solution of agmatine sulphate (161 mg, 0.71 mmol) in pyridine (3 ml). After the mixture had been stirred at 1009 C for 1 hr, the solution was concentrated to dryness in vacuo and extracted with MeOH. The insoluble solid waŝ ltered oŠ, and theˆltrate was concentrated to dryness in vacuo and then poured into saturated NaHCO 3 aq. (5 ml). After stirring at room temperature for 1 hr, the solution was concentrated to dryness and re-extracted with MeOH. The MeOH-soluble material was puriˆed with an ODS column [200× 20 mm i.d., MeOH-H2O-HOAc eluent (30:70:1)]. pCoumaroylagmatine was obtained as an acetic acid salt (56 mg, 0.17 mmol, 23z yield). The synthesized compound was conˆrmed to be p-coumaroylagmatine by a comparison of the results of the HPLC analyses, NMR spectra and MS data with those reported for the natural compound in barley. 10, 11) Antifungal assay. The phytopathogenic fungus, Microdochium nivale, had been subcultured in a 2.3z potato dextrose (Difco) medium at 49 C. The homogenized fungus (1 g fresh weight) was mixed with 200 ml of sterilized 3.8z potato dextrose agar (Difco) at 419 C, before the mixed medium was transferred to plastic dishes [approx. 10 ml per dish (9 cm i.d.)]. A paper disk (8 mm i.d.) was placed at the center of the medium, and 50 ml of distilled water, including 1 mg of a compound, was dropped on to the paper disk. After incubating for 3 days at 209 C, the inhibition zone around the paper disk was observed.
Results and Discussion
Two compounds whose the amounts were signiˆcantly greater in the extract of the wheat crowns harvested at the end of the snow cover period (March) than in the extract of the wheat crowns harvested before snow cover (December) were detected by the HPLC analysis. These compounds were then isolated and identiˆed by spectroscopic analyses. In the 1 H-NMR spectra of compounds 1 and 2 in CD3OD, the same signal pattern of an aromatic group at d6.4-7.5 ppm was observed. Signals at d7.4 and 6.8 ppm ( J＝8.6 Hz) indicated para-substituted benzene, and signals at d7.5 and 6.4 ppm ( J＝16 Hz) indicated the trans arrangement of a vinylene group. This signal pattern is similar to that of p-coumaric acid. On the other hand, signals at higherˆelds in the 1 H-NMR spectra of compound 1 and compound 2 showed diŠerent patterns. In a 1 H-NMR spectrum of compound 2, three signals of d3.22, 3.21 and 1.62 ppm indicated a 1,4-substituted butyl group and correspond to the methylenes of putrescine. On the whole, the signal pattern of compound 2 was similar to that of feruloylagmatine 3) except for signals of para-substituted benzene. This speculation is supported by the absence of a methoxy group signal in the 1 H-NMR spectrum of compound 2 and the fact that the MS data show the molecular weight of compound 2 to be 276, 30 mass units (methoxy group) less than the molecular weight of feruloylagmatine. The results of the spectral analyses suggest that the structure of compound 2 was that of p-coumaroylagmatine (Fig. 1) . In the 1 H-NMR spectrum of compound 1, the signals of the butyl group have a more complicated pattern. The signal at d3.77 ppm is correlated with two pairs of geminal coupling signals (d3.41 and 3.27, and 1.78 and 1.64 ppm) in the HH-COSY spectrum, and the signals at d1.78 and 1.64 ppm are correlated with a signal at d3.34 ppm. The MS data for compound 1 demonstrate that 1 possessed one more oxygen atom than that in compound 2. The results of the spectral analyses suggest that the structure of compound 1 was that of pcoumaroyl-3-hydroxyagmatine 5, 10) (Fig. 1 ). These spectral data and the results of the HPLC analysis of the isolated natural products, compounds The antifungal activity of each compound was conˆrmed by the paper disk method as described in the methods section.
1 and 2, correspond with those of an authentic sample of p-coumaroyl-3-hydroxyagmatine 10) and synthetic p-coumaroylagmatine, respectively.
Based on the results of the HPLC analysis, the amounts of compounds 1 and 2 in the crowns of wheat harvested on December 1, 1997 (before snow cover) were estimated to be 5.6 and 6.8 nmol (g fr. wt) -1 , respectively. The amounts of both compounds in the crowns had increased by the end of March 1998, the estimated amounts being 471.5 and 68.2 nmol (g fr. wt) -1 , respectively. On the other hand, the amounts of compounds 1 and 2 in the crowns of the infected wheat were estimated to be 326.1 and 45.5 nmol (g fr. wt) -1 , respectively. This signiˆcant increase in the amounts of compounds 1 and 2 was found in both the infected and non-infected conditions under snow, the amounts of compounds 1 and 2 in the inoculated plants being less than the amounts in the plants under natural conditions. These results indicate that the accumulation of these hydroxycinnamic acid amides was caused by snow cover involving such abiotic factors, as low temperature, darkness and snow pressure, not to fungi infection. The results of all experiments show that the contents of compounds 1 and 2 inˆeld wheat increased signiˆcantly under snow cover and that the contents of these compounds remained high until the end of the snow cover period. A rapid decrease in the contents of compound 2 in the crowns and leaves occurred in the snow melt season. It is conceivable that the decrease in the amounts of these compounds was caused by the change in metabolism during the period when the plants started to regenerate. The amount of compound 1 in the wheat tissues, on the other hand, continued to increase almost until spring or showed a lower rate of decrease than that of compound 2 during the snow melt period. Neither the amount of compound 1 nor that of compound 2 increased in the crowns and leaves during the cold acclimatization period before snow cover. These results indicate that the accumulation of compounds 1 and 2 was due to the environment under the snow, and not to low temperature alone. In our previous study, it was found that feruloylagmatine was induced in wheat exposed to a short-term low temperature under artiˆcially controlled conditions. 3) However, feruloylagmatine was not detected in the present study. It is considered that complex environmental factors might have aŠected the biosynthesis of these phenolic compounds or that feruloylagmatine might have been induced transiently in wheat growing under natural conditions at a low temperature. This study, however, shows that p-coumaroyl-3-hydroxyagmatine (1) and p-coumaroylagmatine (2) were constitutive compounds in winter wheat under snow. p-Coumaroylagmatine (2) is a direct precursor of the strong antifungal compounds, hordatine A and B, which have been detected in barley. 7, 12) However, hordatines were not detected in winter wheat in this study. It is considered that the metabolism of hydroxycinnamic acid and related compounds in wheat might be slightly diŠerent from that in barley. 11) On the other hand, it has been reported that p-coumaroyl-3-hydroxyagmatine (1) and p-coumaroylagmatine (2) exhibit antifungal activity toward the powdery mildew, Erysiphe graminis.
5) The observation of an antifungal assay by the paper disk method show that these two compounds also exhibited antifungal activity against the phytopathogenic fungus, Microdochium nivale (Fig. 3) , in the present study. The accumulation of these two compounds induced by abiotic factors in wheat may play an important role in protecting the plants against snow mold pathogens under snow during natural wintering.
